Mirror neurons, located in the premotor cortex of macaque monkeys, are activated both by the performance and the passive observation of particular goal-directed actions. Although this property would seem to make them the ideal neural substrate for imitation, the puzzling fact is that monkeys simply do not imitate. Indeed, imitation appears to be a uniquely human ability. We are thus left with a fascinating question: if not imitation, what are mirror neurons for? Recent advances in the study of non-human primate social cognition suggest a surprising potential answer. 
Introduction
Few discoveries in cognitive neuroscience have captured the imagination of the scientific community in the way that mirror neurons have. First found in area F5 of the macaque premotor cortex [1, 2] (Figure 1) , and now indirectly inferred to exist in humans (see [3] ), mirror neurons have the remarkable property of activating during both the performance and the observation of particular motor actions. For example, mirror neurons activated when a monkey grasps a raisin undergo equivalent activation when the monkey watches a human experimenter do the same thing [1] . This property would seem to make mirror neurons the ideal neural substrate for cognitive capacities that require a non-egocentric representation of action, most notably imitation. However, despite this seemingly perfect fit, all of the available evidence suggests that monkeys cannot imitate.
Indeed, though mirror neurons appear to have evolved at least as early as our most recent common ancestor with Old World monkeys, primatologists have long noted that we humans are unique among primates in our capacity for true imitation (reviewed in [4] ). This fact raises two significant questions. First, if not imitation, then what function do mirror neurons serve in non-human primates? Second, how can we account for the emergence of our unique imitative capacity? Here we suggest some potential answers to these questions, motivated by a synthesis of recent results in non-human primate social cognition, human cognitive development and cognitive neuroscience.
Clues from non-human primate social cognition
Although neurophysiological data can tell us much about the properties of mirror neurons, we argue that understanding their core cognitive function will require a broad perspective that incorporates the behavioral level of analysis. Dramatic new developments in the study of non-human primate social cognition seem particularly likely to offer valuable insight.
As recently as ten years ago, the concept of non-human primate social cognition seemed something of an oxymoron. The consensus was that although non-human primates were sophisticated behaviorists, they had no meaningful insight into the mental states of others (see [4] ). Recently, however, experimental paradigms that are more thoughtfully matched to non-human primates' competitive social ecology have begun to yield very different results. When competing for limited resources as they do in the wild, non-human primates seem able to reason about other minds in strikingly nuanced ways (reviewed in [5 ] ).
For example, non-human primates will consider conspecifics' knowledge and perceptual state (i.e. what they can and cannot see and hear) when competing for food. Hare and co-workers [6] [7] [8] have demonstrated that chimpanzees (Pan troglodytes) prefer to approach hidden food when a dominant competitor is unable to view the hiding process or is misinformed as to the final location of the food. Work from our own laboratory has demonstrated a similar sensitivity in rhesus macaque monkeys (Macaca mulatta). Macaques take into account both the visual and the auditory awareness of a competitor when attempting to steal food, preferring to steal grapes from an experimenter who cannot see [9 ] or hear [10] demonstrated that capuchin monkeys (Cebus apella) can discriminate between intentional and incidental human actions in order to infer the location of hidden food. In this study, capuchin monkeys watched as a human actor manipulated an opaque container in a goal-directed manner, looking at it and attempting (unsuccessfully) to reach inside and remove something from its interior. A second actor simultaneously handled another container in a manner that, although highly perceptually similar to that of the first actor, was clearly incidental and not goal-directed. When a screen was momentarily raised so that the subject could quickly steal one of the two objects, capuchins showed a strong preference for the container that the first actor had intended to remove something from over the container that was only incidentally manipulated.
Implications: what are mirror neurons for?
We believe that the behavioral work just described offers significant new insight into the cognitive function of mirror neurons. Specifically, the evident sensitivity of non-human primates to the mental states of others is consistent with a mirror neuron system tuned to extract the goal structure of observed action (as opposed to the lower-level kinematic features of the action). In other words, perhaps mirror neurons enable non-human primates to infer the intentions of other agents.
Our existing neurophysiological understanding of mirror neurons is consistent with this speculation. First, merely witnessing an action is insufficient to activate monkey mirror neurons in the absence of an inferable goal. Although mirror neurons will fire when a monkey observes an agent grasping an object, they will not activate when the same grasping action is mimed with no object present [1] . By contrast, mirror neurons can become active when visual access to an action is eliminated but information about the goal of the action is preserved. In an elegant experiment, Umiltà et al. [11] studied monkeys observing a human hand reaching for and grasping a peanut. This grasping action was either completely visible or partially hidden (the subjects saw only the hand reaching behind an opaque screen where a peanut had been previously placed). Remarkably, the sight of the hand disappearing behind the screen hiding the peanut activated the same mirror neurons that were activated by the sight of the peanut being grasped. Thus, the presence of an inferable goal is a necessary and sufficient condition for mirror neurons to become active, whereas simple body movements alone are ineffective. Even more suggestively, Fogassi et al. [12 ] have recently demonstrated that monkeys show distinct patterns of mirror neuron activity when observing identical grasping actions depending on the implied underlying intention (i.e. grasping to eat versus grasping to move).
Rizzolatti and co-workers have previously interpreted these results as suggesting that mirror neurons support the function of 'action understanding'. However, the historic view that non-human primates lacked awareness of mental states forced this argument to balance on a very fine distinction between what it means to understand the 'goal' of an action and what it means to understand the 'intention' underlying that action. Thus, although Rizzolatti et al. argued that ''monkeys, like humans, can infer the goal of an action'', their position was weakened by the arguably inconsistent caveat that ''we are not claiming that. . . the monkeys understood the intention of the agent of the action'' ( [13] , p. 667). We argue that the new behavioral data resolves this inconsistency, and makes tenable the hypothesis that mirror neurons are the neural substrate supporting the intentional understanding of non-human primates.
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Figure 1
A schematic lateral view of the macaque monkey brain showing approximate regions of mirror neuron activity (adapted from [3]). Mirror neurons were first discovered in area F5 of the premotor cortex [1,2], and have also been reported in area PF of the inferior parietal lobule [23, 24] . Labeled structures: A, arcuate sulcus; C, central sulcus; IO, inferior occipital sulcus; L, lateral fissure; Lu, lunate sulcus; P, principal sulcus; STS, superior temporal sulcus.
Why don't non-human primates imitate?
Ironically, the possibility that mirror neurons support intentional understanding could help to explain why non-human primates lack the seemingly simpler ability to imitate. That is, one of the potential benefits of construing behavior in intentional terms is that doing so might facilitate more concise representation: rather than encoding the complicated visual features of an action sequence, the sequence can be compressed to a simpler description of the underlying intention. Although such 'intentional compression' would be advantageous in many ways, as with any computational data compression algorithm the disadvantage is that information might be lost. Thus, if mirror neurons are attuned to the intentional structure of behavior, it is possible that non-human primates might simply be unable to encode lower-level visual details of observed actions. Imitation, which depends crucially on such visual details, would thus be rendered impossible.
Why do humans succeed at imitation when non-human primates fail?
But what about humans? What accounts for our unique imitative capacity? If mirror neurons in non-human primates encode intentions, and if that function suppresses imitative behavior as proposed above, then why is Diagram showing one sequence of causally irrelevant and necessary actions used by an adult demonstrator to remove a reward from the puzzle object in Horner and Whiten [19 ] . (a) During the causally irrelevant actions (yellow background), a bolt on top of the puzzle object was (i) hit with the tool then (ii) pushed aside, revealing a hole leading to an empty upper compartment. (iii) The tool was inserted into this hole. The demonstrator then immediately continued on to the actions that were actually necessary for retrieving the reward (blue background). (iv) An opening on the front of the box was uncovered by lifting a door, (v) then the tool was inserted into this opening and (vi) used to extract the reward. (b) When the walls of the puzzle box were transparent such that the irrelevance of steps i-iii was obvious (see photo), chimpanzees tended to reproduce only the causally necessary actions. By contrast, children showed a strong tendency to precisely imitate the entire demonstrated sequence. Puzzle object diagrams and photo reproduced with kind permission of Springer Science and Business Media. imitation in humans not similarly suppressed? One solution to this conundrum may be that the human mirror system is qualitatively different from that of other primates: whereas non-human primate mirror neurons highlight intentions, perhaps the human mirror system extracts a low-level kinematic description of movement-something that would serve as an ideal basis for imitation. This could account for the finding that the human mirror system appears to resonate to arbitrary body movements, such as mimed actions and intransitive gestures [14] [15] [16] [17] [18] , in a way that monkey mirror neurons do not [3].
In our view, however, a more theoretically compelling alternative is that the human mirror system encodes intentions in a manner broadly consistent with other primates, but that it does so in a flexible fashion that enables multiple levels of intentional granularity. That is, if the human mirror system were capable of extracting not only high-level goals ('do x') but also more subtle, subsidiary goals ('do x in manner y'), this could account for our ability to reproduce not only the overall results of observed actions but also the specific means that were used to achieve them.
Behavioral evidence bearing on this theory comes from the phenomenon of 'overimitation', demonstrated most recently in a comparative study of imitation in chimpanzees and human children [19 ] . In one condition of this experiment, both groups watched an experimenter remove a prize from a simple 'puzzle box' (a transparent cube divided into two compartments) by performing a series of causally irrelevant actions followed by a series of necessary actions (see Figure 2) . When chimpanzees were allowed to play with the puzzle, they tended to ignore the irrelevant actions and do only what was necessary to obtain the prize. In other words, they reproduced the observed end state but not the specific actions that led up to it. By contrast, children showed an overwhelming tendency to imitate all of the modeled actions -despite the fact that some were clearly causally irrelevantthereby reproducing not only the goal of attaining the prize but also the subsidiary goal of doing so in a particular manner (see also [20] [21] [22] ).
Although connections to the mirror system are clearly speculative at this point, these results may indicate that the human mirror system extracts finer-grained goals than non-human primate mirror neurons do, thereby driving imitation in a species-unique way. Indeed, it may be that extracting goals that encompass both the end state and the manner of action is the default for the human mirror system. This conjecture is consistent with recent work in our own laboratory (DE Lyons, AG Young, FC Keil, unpublished data), demonstrating that young children who watch an adult modeling actions on a novel object lose the ability to determine the causal relevancy of those actions. It is as though children automatically extract the particular manner in which the adult achieves his goal as an intentional aspect of the demonstration, implicitly revising their causal understanding of the manipulated object in order to make sense of irrelevant actions. A mirror system tuned to 'manner-of-action' level goals is a plausible neural basis for these behavioral results, as well as for the broader human propensity for imitation. As more detailed results from the human mirror system become available, it will be very exciting to see how they accord with these behaviorally-motivated hypotheses.
Conclusions
As we have described here, one of the most exciting aspects of research on mirror neurons is the degree to which it coheres with recent advances in the domains of non-human primate social cognition and human cognitive development. By combining the unique insights of cognitive neuroscience with the methodological and theoretical tools of these behavioral research traditions, we are beginning to obtain a unified account of primate social cognitive abilities -one that does full justice both to the uniqueness of human capacities and to their continuity with our evolutionary relatives. We hope that our theory of mirror neurons' cognitive function will serve as a useful point of departure for continuing interdisciplinary investigations into the primate mind.
